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Methane adsorption capacity is a key factor in determining shale gas in place (GIP) – requiring that it is determined under in situ moisture conditions. Current methods may be insuﬃcient to investigate these exact
characteristics when applied to actual reservoirs with high or variable moisture contents. We propose a heating
and cooling (HC) method to prepare shale samples to arbitrary moisture contents (Mc up to 10%). A series of CH4
adsorption experiments on two diﬀerent types of shale are conducted as a function of Mc at 35 °C, 45 °C, and
55 °C, and at a CH4 pressure of up to 10 MPa. Experimental results indicate that the methane sorption capacity
versus moisture content curves exhibit a linear decreasing stage, a ﬂat stage and a convex decreasing stage,
separated by two threshold moisture contents. The lower moisture content threshold (Mfc) represents coverage of
the entire hydrophilic surface by a monolayer of water. The upper moisture content threshold (Msc) is the point
at which no methane is adsorbed on the surface of the clay pores and adsorption capacity is further reduced as
moisture content is increased. The linear stage with Mc up to the Mfc is mainly dominated by the competition
between water and methane for adsorption sites on the surface of clay pores. Slope value of this stage are
aﬀected by pressure, temperature and shale compositions. The ﬂat stage represents that the moisture content has
negligible eﬀect on shale adsorption capacity for Mc in the range Mfc to Msc. Methane adsorption capacity
decreases in a convex manner above Msc, suggesting water condensation in organic pores as the surface area for
methane adsorption is reduced by water blocking. A conceptual Bi-Langmuir model is presented to represent the
crucial eﬀects of moisture content on methane adsorption capacity including accurate estimations of original GIP
under diﬀerent reservoir conditions.

1. Introduction
Shale gas is one of the most promising unconventional natural gas
resources for meeting the world’s increasing energy demand [1–4]. Gas
production from a particular shale play is mainly dependent on the
amount of gas in place (GIP) [5–9]. However, unlike conventional gas
reservoirs, gas stored in shale gas reservoirs is presumed to exist in
three forms [10–14]: 1) compressed gas in the pores and fractures, 2)
adsorbed gas on the surface of organic matter and clay minerals, and 3)
dissolved gas in kerogen. Most of the gas stored in these diﬀerent modes
is in adsorbed form, due to the large internal surface area provided by
the nanoscale pores in shale [15–17]. Therefore, understanding gas
adsorption properties is important for an accurate evaluation of shalegas resources and design of eﬀective production strategies.
Shale gas adsorption capacity is a complex function of properties of
shale petrophysical properties and reservoir conditions. Many
⁎

researchers have recently studied shale gas adsorption characteristics
and their inﬂuencing factors. There is a general agreement that the gas
adsorption capacity increases with an increase in pressure and decrease
in temperature [18–21]. Kerogen and clay minerals contribute the most
to the total sorption isotherm [22–25]. Particle size exerts negligible
inﬂuence on the amount of gas adsorbed, but has a signiﬁcant eﬀect on
the dynamic adsorption process [26]. Pore deformation caused by gas
adsorption and conﬁning pressure has signiﬁcant inﬂuence on gas adsorption capacity when evaluated at high pressure [27–29]. In the
studies above, sorption measurements are frequently conducted on dry
shale. Moisture is naturally present in certain shale reservoirs [30–32]
and will inevitably be imbibed into the shale matrix during hydraulic
fracturing operations [33–35], potentially exerting a profound inﬂuence on gas adsorption characteristics. Therefore, it is important to
evaluate the gas sorption capacity of moist shales, to appraise the ultimate GIP more accurately. However, the exact controls and
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Nomenclature

nad
i
nt
nef
V1
V2
P
T
N
P1, N

P2, N
Z1, N
Z2, N
R
Pm2, N − 1
Pm2, N
Ps
MH2 O
ρ H2 O
Wc
Psc
Tsc
Ms

k

number of adsorbed methane molecules, dimensionless
step number, dimensionless
number of total methane molecules in experimental
system, dimensionless
number of free methane molecules in experimental
system, dimensionless
volume of standard chamber, cm3
volume of sample chamber, cm3
pressure, MPa
experimental temperature, K
step number of gas injection, dimensionless
standard chamber pressure corresponding to the Nth successive injection step, MPa
equilibrating system pressure corresponding to the Nth
injection step, MPa
gas compressibility factor at pressure P1, N , dimensionless
gas compressibility factor at pressure P2,N , dimensionless
universal gas constant, equals to 8.314 J/(mol·K )
steam partial equilibrating pressure at pressure P2, N − 1,
MPa
steam partial equilibrating pressure at pressure P2, N , MPa
saturated vapor pressure, MPa
molar weight of water, g/mol
water density, g/cm3
methane sorption capacity, mL/g
standard atmospheric pressure, MPa
temperature under standard conditions, K
sample mass, g

VL1, VL2

PL1, PL2
α
β
Mc
Mfc
Msc
rm, i
Vm, i
j
n
ri
Vi
Am, i
γ
Wm
TOC
GIP
HC
RH
EW

absolute slope value of the ﬁrst stage of Fig. 3, dimensionless
Langmuir volume of clay minerals and organic matter,
respectively, mL/g
Langmuir pressure of clay minerals and organic matter,
respectively, MPa
water coverage coeﬃcient on the clay surface, dimensionless
water ﬁlling coeﬃcient in organic pores, dimensionless
moisture content, dimensionless
lower moisture content threshold, dimensionless
upper moisture content threshold, dimensionless
pore radius of the ith kerogen pore ﬁlled with water, nm
total pore volume of the ith kerogen pore ﬁlled with water,
m3/g
total number of pores ﬁlled with water, dimensionless
total number of pores in kerogen, dimensionless
pore radius of the ith pore in kerogen, nm
total pore volume of the ith pore in kerogen, m3/g
surface area of the ith kerogen pore, m2/g
constant to account for water condensation in non-clay
and non-kerogen pores, dimensionless
water monolayer capacity, dimensionless
total organic content, dimensionless
gas in place
heating and cooling
relative humidity
equilibrating water

[31,50]. Thus, new sample preparation methods are presented here to
obtain moist shale samples with higher moisture contents, and to investigate how methane adsorption capacity is aﬀected by water in both
clay minerals and organic matter.
Herein, we present a simple and eﬀective approach for moistening
shale samples by heating and cooling (HC) the water in closed sample
chambers at diﬀerent temperatures. This enables any values of moisture
content to be obtained by injecting diﬀerent amounts of water into the
sample chambers. In addition, the maximal value of moisture content is
expanded (water condensation occurs in organic pores) and the equilibrating times can be signiﬁcantly reduced. The methane sorption
isotherm of shale samples prepared by the new HC method is shown to
be valid through a comparison with shale samples prepared by the
traditional EW method. We then investigate the eﬀect of moisture
content on the methane sorption capacity experimentally at pressures
of up to 10 MPa, and temperatures of 35 °C, 45 °C, and 55 °C. Finally,
the eﬀect of moisture content on methane adsorption capacity at different pressure and temperature is discussed and a Bi-Langmuir model
is established to predict shale gas adsorption capacity under diﬀerent in
situ moisture contents.

mechanisms for the eﬀect of moisture content on shale gas adsorption
behavior remains unclear.
The eﬀect of moisture on methane adsorption capacity is investigated by comparing the adsorption capacities of moisture-equilibrated samples to those of dry samples [22,32,36,37]. The results indicate that moisture has a negative eﬀect on the methane sorption
capacity. There are two reasons accounting for this phenomenon. One is
that molecular water is sorbed to speciﬁc hydrophilic sites of shale,
resulting in competition between water and gas for adsorption sites.
The other is that moisture condensation may make many adsorption
sites unavailable to methane by blocking pore throats or occupying
adsorption sites [12,13,38–40]. Despite considerable research addressing the signiﬁcant eﬀect of moisture, the exact nature of gas adsorption
capacity measurements with respect to moisture content at diﬀerent
pressure and temperature conditions is still not well understood.
In recent studies, the role of moisture content on shale gas adsorption capacity has been quantitatively analyzed [32,41]. Shales exhibit a critical moisture content beyond which further moisture has
negligible inﬂuence on gas sorption capacity. Similar results are apparent for gas adsorption capacity of moist coals [42–45]. In these
studies, moisture-eﬀect experiments are usually completed on moist
samples prepared using an equilibrating water (EW) content method
[22,32,37]. Samples are moistened using the vapor pressure of a certain
saturated solution in vacuum desiccators with constant relative humidity (RH) [41,46]. A typical disadvantage of the EW method is the
extended duration of the equilibration process for vapor phase transport. Besides, the values of the deﬁned moisture contents are limited,
due to the absence of molecular water adsorption or condensation occurring on the hydrophobic surface of organic pores when RH < 1
[47–49]. This hinders studies on gas adsorption of shales with higher
moisture contents. However, it is necessary to investigate gas adsorption of moist shales covering a broad range of behaviors, due to the
large and varied range of native moisture contents observed in situ

2. Experimental procedure
We introduce the HC method for preparing moist shale samples with
diﬀerent moisture contents. A stepped-temperature method is used to
scale methane adsorption characteristics by accommodating partial
pressures to account for variations in constituents of the gas phase at
diﬀerent pressures and temperatures.
2.1. Sample collection and characterization
Two shale samples collected from the Sichuan Basin of China are
prepared for the experiments. X-ray diﬀraction analysis results indicate
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that the mineralogical compositions of the shale are dominated by
quartz, carbonates and clay minerals, as shown in Table 1. The TOC
content for the outcrop shale and Longmaxi shale is 1.32% and 2.81%,
respectively. Other minerals are feldspar, pyrite, and calcite.

Measuring tube
Valve

2.2. Sample moistening method
The apparatus for preparing moist shale samples is shown in Fig. 1.
Speciﬁc procedures for preparing moist shale samples are:

Thermostat
(1) Crush and screen shale samples at #10–#20 mesh and dry them at
105 °C for 3 days.
(2) Weigh a deﬁned amount of the samples and compact the powder
into a sample chamber.
(3) Measure the void volume of the sample chamber using a PVT
method with helium.
(4) Vacuum the sample chamber and connect it with a measuring tube
using a valve as shown in Fig. 1. Inject a certain amount of water
into the measuring tube. Open the valve, allowing a certain amount
of water to be imbibed into the sample chamber. Then close the
valve.
(5) Place the sample chamber into a thermostat at 105 °C for 24 h,
where the water in the sample chamber transforms to vapor.
(6) Place the sample chamber into a water bath at the designated
temperature. The water will redistribute within the sample according to the moisture content and physical properties of the pore.

Fig. 1. Schematic diagram of the experimental apparatus for the HC method.

nt =

P1, N V1 (P2, N − 1−Pm2, N − 1) V1
−
+ nt , N − 1,
Z1, N RT1
Z1, N − 1 RT1

(2)

In addition, the number of molecules of free methane occupying the
void volume is calculated as

nef =

(P2, N −Pm2, N )(V1 + V2)
,
Z2, N RT1

(3)

where P1, N is the standard pressure corresponding to N of the successive
injection steps (MPa); P2, N is the equilibrating pressure for the N injection steps (MPa); Z1, N and Z2, N are the separate gas compressibility
factors at P1, N and P2, N ; T1 is the temperature (K); R is the universal gas
constant, 8.314 J/(mol·K) ; and Pm2, N − 1 and Pm2, N are the partial equilibrating pressures of steam separately at, P2, N − 1, P2, N .
The partial pressure of steam is calculated as

Through the above procedures, the moisture content can be accurately controlled and prepared to an arbitrary value within a maximal
threshold. The maximal value of the moisture content for a certain shale
sample chamber is only limited by the void volume of the sample
chamber. In this study, the moisture content of the shale samples is
prepared up to a threshold of 10%.

ln

MH2 O
Pm2, N
(P2, N −Ps ),
=
Ps
ρ H2 O RT1

(4)

where Ps is the saturated vapor pressure (MPa), MH2 O is the molar
weight of water (g/mol ), and ρ H2 O is the water density (g/cm3).
The saturated vapor pressure corresponding to temperature Tj is
calculated as [53,54]

2.3. Moist shale adsorption experiments

log10 Ps = 26.209−

Adsorption experiments are conducted on moist shales with different moisture contents at 35 °C, 45 °C, and 55 °C, using a constantvolume method similar to that presented elsewhere [51]. Procedures
applied in this study diﬀer from conventional measurements in that,
instead of injecting gas to progress the experiments, temperature is
varied in a controlled manner during the experimental sorption period.
The beneﬁt of this experimental method is that the moisture content
within the system remains constant at all temperatures, avoiding small
changes of moisture contents during the gas injection process that occurs with pressure variation.

2960.960
−5.165log10 Tj.
Tj

(5)

The number of methane molecules adsorbed (nad ) at temperature Tj
is calculated by substituting Eqs. (2) and (3) into Eq. (1). The excess
sorption amount at temperatureTj+1 when changed from Tj, is calculated from Eq. (1) by changing the temperature in Eq. (5) and corresponding parameters in Eqs. (2), (3) and (4).
The methane sorption capacity can be calculated as

Wc =

nad RTsc
,
Psc Ms

(6)

where Ww is the methane sorption capacity (mL/g), Psc is the standard
atmospheric pressure (MPa), Tsc is the temperature under standard
conditions (K), and Ms is the sample mass (g).

2.4. Methane adsorption evaluation method
The number of methane molecules adsorbed (nad ) during the ith step
is calculated as the diﬀerence between the total number of methane
molecules that exist in the setup (nt ) and the number of free molecules
of methane (nef ) occupying the void volume (standard chamber
V1 + sample chamber V2), corresponding to (p, T) [12,36,52]

3. Results and discussion
This section conﬁrms the validation of the HC method and investigates the eﬀect of the moisture content on shale adsorption capacity. Two threshold moisture contents are deﬁned and the eﬀects of
pressure and temperature on the shale adsorption characteristics are
discussed. A Bi-Langmuir model is presented to predict the methane

(1)

nad = nt−n ef ,

Sample chamber Vacuum pump

The number of methane molecules in the experimental system (nt )
for N successive injection steps is calculated using

Table 1
TOC data and mineralogical compositions of Outcrop shale 1 and Longmaxi shale 2 samples.
Sample

Quartz (%)

Carbonates (%)

Clay minerals (%)

TOC (%)

Other minerals (%)

Vitrinite reﬂectance (%)

Outcrop shale 1
Longmaxi shale 2

36.89
30.53

31.38
31.35

8.8
18.28

1.32
2.81

14.22
14.36

1.69
2.67
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monolayer water corresponds to the lower threshold (Mfc) [44], as
shown in Fig. 4(a). This means that the value of the water monolayer
capacity (Wm) is equal to the value of Mfc. Because water only attaches
to the hydrophilic surface of the clay pores in this stage, the hydrophobic surface of organic pores remains available for the adsorption of
methane. Sample #2 contains a higher proportion of clay minerals, and
its water surface areas are higher than those of Sample #1. Therefore,
the Wfc of Sample #2 is larger than that of Sample #1 at the same
pressure and temperature.
The second stage in Fig. 3 shows a negligible decrease in methane
sorption with an increase in moisture uptake. When Mfc is exceeded,
multilayer adsorption of water molecules occurs on the surface of the
clay minerals, as shown in Fig. 4(b). The adsorbed water molecules
further occupy space that would be available to methane when Mc is at
the monolayer capacity. The number of the occupied hydrophobic sites
is small. Thus, the decrease in methane adsorption capacity is negligible
with Mc up to the upper moisture content threshold, Msc.
The Msc is the point at which no methane is adsorbed on the surface
of the clay minerals and adsorption capacity will reduce when moisture
content is increased. In other words, at the Msc, condensate water ﬁlls
the pores of the clay minerals and only adsorption sites on the surface of
organic matter are available to methane. This is consistent with the
greater proportional eﬀect of clay content on the methane sorption
capacity at the Msc. Compared with dry conditions, for Sample #1, the
reduction in methane capacity is ∼35%, but for Sample #2, the capacity is reduced by more than 45% at the Msc within the range of our
experiment conditions.
When the moisture content is above the Msc, water condensation
may occur in the pores of the organic matter. The processes of water
condensation in organic and inorganic pores diﬀer. According to a
previous study [47], there exists an equilibrium thickness for the ﬁlm of
uniform thickness with which the bulk liquid (for organic and inorganic
pores) is at equilibrium. When the thickness of a water ﬁlm is larger
than when at equilibrium, the water ﬁlm will jump to form a liquid plug
occupying the entire surface area of the inner pores. However, the
equilibrium of the thickness of the wetting ﬁlm on an organic pore
surface is less than for the thickness of a monolayer, which means that
only water molecules exist in the organic pores before the water condensation. In other words, no liquid ﬁlm forms initially on the surface
of the organic matter. As the moisture content increases, water condensation will jump to form a liquid plug occupying the entire space of
some organic pores, as shown in Fig. 4(c).
Water condensation at RH < 1 only occurs in the organic pores
with diameter less than 1 nm, and condensation in large pores occurs at
RH > 1 [47]. In this study, the moist shale samples are prepared using
the HC method, where the samples rest at a high temperature at 105 °C

adsorption capacity of shale with diﬀerent moisture contents.
3.1. Validation of the HC method
To validate the HC method, both the HC and EW methods are used
to prepare moist shale samples for evaluation of methane sorption capacities. Fig. 2 shows methane sorption isotherms of shale Sample #1
with two moisture contents at a temperature of 35 °C. The methane
sorption capacity of the samples, saturated using the two moisture
methods, is almost identical at a moisture content level of 3%, and only
slightly diﬀerent at a moisture content level of 0.5%. The relative error
in the methane capacity between the two moistened samples with a
moisture content level of 0.5% is within 5%. This is within an acceptable range. Thus, it is reasonable to study the methane sorption isotherm of moist shale saturated using the HC method.
Compared with the EW method, the HC method has several advantages. First, the maximal value of the moisture content obtained
from the HC method is larger than that from the EW method. Besides,
shale samples with an arbitrary moisture content level can be easily
prepared using the HC method, compared to the much more diﬃcult
and complex EW method. Another advantage for the HC method is in
saving time.
In the EW method, the RH remains constant when preparing moist
shale at each moisture content. However, in the HC method, RH is
variable with moisture distribution over pressures in the range from
105 °C to the designated temperature. This may result in enigmatic
water distribution characteristics in both organic and inorganic pores of
the shale [48,55]. and complex mechanisms of methane adsorption at
diﬀerent moistures content levels. Fortunately, Fig. 2 shows that moist
shale samples examined by both HC and EW methods possess identical
adsorption capacities at the same moisture content levels. Therefore, it
is acceptable to use an assumption that the water distribution characteristics in the HC method is equivalent to that in the EW method
when the moisture content level is less than the value obtained from EW
method at RH = 97%. Experimental results indicate that the moisture
contents at RH = 97% are approximately 3.0% and 3.5% for Sample #1
and Sample #2, respectively. Using this assumption, the eﬀect of
moisture content on adsorption capacity in shale will be discussed in
detail in later section.
3.2. Eﬀects of moisture content on methane adsorption
To study the eﬀects of moisture content on methane adsorption in
detail, the amount of methane adsorption on shale samples at 2, 4, 6, 8,
and 10 MPa is calculated by ﬁtting methane adsorption isotherms at
diﬀerent temperatures and moisture contents. The relationship between
the maximum methane adsorption capacity and moisture content can
be calculated, as shown in Fig. 3.
Fig. 3 shows that the methane maximum adsorption capacity has a
stepped variation with the moisture content (Mc) at certain pressure
and temperature conditions, which can be divided into three stages by
two threshold moisture contents: (i) In the region from dry conditions
to moisture content approaching the lower moisture content threshold,
Mfc, the methane adsorption capacity decreases linearly with an increase in Mc. (ii) In the region in which Mc ranges from Mfc to the upper
moisture content threshold, Msc, methane adsorption capacity remains
almost constant with an increase in Mc. (iii) In the region in which Mc
ranges from Msc to 10%, the methane adsorption capacity further reduces with a convex shape.
During the ﬁrst stage in Fig. 3, water molecules attach to the hydrophilic surface of clay pores, and the methane adsorption capacity
reduces with the increase in Mc. The methane adsorption sites are occupied by a monolayer of water [44,48,55–57] in this stage. Hence, the
methane adsorption capacity decreases linearly with an increase in Mc,
until an entire hydrophilic surface is occupied by a monolayer of water.
The point at which the entire hydrophilic surface is occupied by

Methane adsorption /mL·g-1

0.80

0.60

0.40

0.5%-HC
0.5%-EW

0.20

3.0%-HC
3.0%-EW

0.00
0.00

5.00
10.00
Pressure/MPa

15.00

Fig. 2. Methane sorption isotherms at diﬀerent moisture content levels of
Sample #1 moistened using a heating and cooling (HC) method and an equilibrating water (EW) method.
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1.0

Sample 1# at 35

0.6

Methane adsorption (mL·g-1)

Methane adsorption (mL·g-1)

0.8

2Mpa
4Mpa
6Mpa

0.4

8Mpa
10Mpa

0.2
0.0

0.8

8Mpa

4Mpa
6Mpa
8Mpa
10Mpa

0.0

0.0
0.00 2.00 4.00 6.00 8.00 10.00
Moisture content (%)

Methane adsorption (mL·g-1)

Methane adsorption (mL·g-1)

0.00 2.00 4.00 6.00 8.00 10.00
Moisture content (%)
Sample 1# at 55

2Mpa

0.4

4Mpa
6Mpa
8Mpa

0.2

10Mpa

0.0
0.00

10Mpa

0.2

Methane adsorption (mL·g-1)

Methane adsorption (mL·g-1)

2Mpa

0.6

6Mpa

0.8

Sample 1# at 45

0.2

4Mpa

0.4

Moisture content (%)

0.4

2Mpa

0.6

0.00 2.00 4.00 6.00 8.00 10.00

0.6

Sample 2# at 35

2.00 4.00 6.00 8.00 10.00
Moisture content (%)

Sample 2# at 45

0.6

2Mpa
4Mpa
6Mpa

0.4

8Mpa
10Mpa

0.2
0
0.00 2.00 4.00 6.00 8.00 10.00
Moisture content (%)
0.8
0.6

Sample 2# at 55

2Mpa
4Mpa

0.4

6Mpa
8Mpa

0.2

10Mpa

0
0.00 2.00 4.00 6.00 8.00 10.00
Moisture content (%)

Fig. 3. Eﬀects of Mc on methane maximum sorption capacity for two shale samples at diﬀerent pressure and temperature levels.
Fig. 4. Schematic representation of methane
and moisture adsorption in shale pores with
an increase in the moisture content: (a)
monolayer adsorption of molecular water
[44,48,55–57] on the surface of clay pores
with methane adsorption on the surface of
clay and organic pores (not otherwise occupied by molecular water), (b) multilayer
water adsorption and partial condensation of
water on the surface of the clay pores with
negligible methane adsorption on the surface
of the clay pores and (c) condensed water
throughout the clay pores and in some organic pores with methane adsorption only
occurring in some of the organic pores.
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adsorbed on the surface of the clay pores. Organic pores are not aﬀected
by water molecules at this stage. Therefore, an increase in organic
matter will decrease the value of k. The content of organic matter in
Sample # 2 is higher than that in Sample # 1, and the value of k for
Sample # 2 is smaller than that for Sample # 1 at the same conditions.

for 24 h, providing a condition of RH > 1. As discussed before, if Mc is
less than the Msc, water will preferentially adsorb and condense in the
pore interiors of clay minerals. When Mc is exceeded the Msc, water
condensation will occur in the organic pores. Thus, the adsorption sites
in the organic matter are inevitably occupied by condensed water. This
will further reduce the methane adsorption capacity, as shown in Fig. 3.
If moisture content is suﬃciently high to occupy all pores of the shale,
no methane will be adsorbed. The third stage in Fig. 3 can be described
using a parabolic segment, whose shape diﬀers from that in the ﬁrst
stage in the ﬁgures. This diﬀerence is cause by the phenomenon in
which water condenses progressively in organic pores with diﬀerent
pore sizes.

3.3.2. Threshold moisture contents
In the sorption tests, moisture content is applied in a sample
chamber under a series of particular values before the sample chamber
is connected to the standard chamber. Two problems may occur in the
determination of the proper threshold moisture contents. First, the actual critical moisture content may not be the value used for the moist
samples. We should use the intersection points of the extended curves at
diﬀerent stages in Fig. 3 to determine the two threshold moisture
contents. In addition, a loss of water may occur in the sample chamber
when connected with the standard chamber. We should use Eqs. (4) and
(5) to correct the moisture content in the sample chamber. Experiment
results show that the lower threshold is aﬀected by the pressure and
temperature. However, the upper threshold is only aﬀected by the shale
composition and changes little with the pressure and temperature. The
upper threshold is 3% and 3.5% for samples #1 and #2, respectivelythe value is equal to moisture contents of shale saturated at RH = 97%.
Therefore, the upper threshold can be determined from the moisture
isotherm of the shale. Eﬀects of pressure and temperature on the lower
threshold are shown in Fig. 6. It can be seen that the lower threshold of
those two samples increases with an increase in pressure and decrease
in temperature.
Both the pressure and temperature aﬀect the lower threshold by
aﬀecting the adsorption sites on the pore surface and the partial vapor
pressure in the void space. At the Mfc, the number of adsorption sites for
water adsorption remains nearly unchanged as the pressure increases,
according to the potential energy distribution curves [59], whereas the
partial vapor pressure increases with a pressure increase. Therefore, the
Mfc increases with the increase in pressure.
When the temperature increases, the number of adsorption sites for
water adsorption decreases, contributing to a smaller value of the Mfc.
In contrast, the partial vapor pressure increases with an increase in
temperature, thereby leading to a greater value of the Mfc. Fig. 6 shows
that the Mfc decreases with an increase in temperature, indicating that
the Mfc is much more sensitive to the decrease of the number of adsorption sites than to the increase of partial vapor pressure as the
temperature increases.

3.3. Eﬀects of temperature and pressure on methane adsorption
The negative eﬀect of temperature and the positive eﬀect of pressure on methane sorption in dry shale samples have been widely recognized [12,13,19,51,58]. However, no systematic description of the
eﬀects of pressure and temperature on gas adsorption capacity of moist
shale is available, leading to a lack of basic data and understanding of
mechanisms. To acquire a basic knowledge for evaluating the GIP of
shale under real reservoirs conditions, the eﬀects of pressure and
temperature on methane adsorption characteristics of moist shale are
discussed in detail in this section.
3.3.1. Mc-sorption gradients in the linear stage
We use a value of k representing the slope of the linear stage in
Fig. 3. The larger the value of k, the greater the rate of sorption change
relative to Mc. Fig. 5 shows the eﬀects of temperature and pressure on
the value of k.
As Fig. 5 indicates, the value of k decreases with an increase in
pressure, and the rate of decrease is greater at low pressure than at high
pressure. This phenomenon can be explained using previous molecular
simulation results [59], which expresses the potential methane energy
distribution curve under diﬀerent moisture contents. It can be concluded from the molecular simulation results that the energy distribution curve between methane and clay pore surfaces has two peaks, the
main one of which lies in an area of higher energy, and the secondary
one is located in an energy well. Only the secondary peak of the potential energy distribution curve gradually becomes gentler as the water
content increases, indicating that the methane molecules in the higher
energy adsorption sites do not move with the change in moisture content. It can be determined that the molecular water mainly occupies the
lower energy adsorption sites on the clay pore walls instead of the
higher energy adsorption sites, illustrating that the water and methane
compete for adsorption space on a lower energy adsorption site. At
lower pressure, most of the methane molecules adsorb onto lower energy adsorption sites, and a small amount of methane molecules adsorb
onto higher energy adsorption sites. At higher pressure, the methane
molecules can adsorb onto both lower and higher energy adsorption
sites. Hence, the water molecules have a greater eﬀect on the methane
adsorption capacity at lower pressure than at higher pressure, which
leads to a decrease in the value of k as the pressure increases.
When the temperature increases, both methane and water move to
adsorb onto lower energy adsorption sites. Therefore, a diﬀerent approach should be used to describe the eﬀects of temperature on the
value of k. At the same pressure, the partial pressure of water vapor at
higher temperature is larger than that at lower temperature, which
leads to a smaller number of adsorption sites occupied by water molecules at higher temperature than at lower temperature. Thus, the
water molecules have a greater eﬀect on the methane adsorption capacity at lower temperature than at higher temperature. This is an
explanation for the negative eﬀect of temperature on value of k.
Fig. 5 also indicates that the value of k for diﬀerent samples shows a
similar mode of response. Clay minerals are the key factor impacting
the methane adsorption capacity of shale because of water molecules

3.4. Model for predicting methane adsorption capacity
3.4.1. Model
This section presents a Bi-Langmuir model to predict shale methane

Slope value k
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0.06
0

5
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15

Pressure (MPa)
Fig. 5. Relationship between slope value k of the decrease in methane sorption
capacity and pressure at diﬀerent temperatures for two samples.
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Fig. 6. Relationship between the lower threshold and pressure at diﬀerent temperatures for two samples.

(1) Conduct methane adsorption experiments on moist shale with two
diﬀerent moisture contents in both the ﬁrst and second stages of
Fig. 3, respectively. Determine an accurate Mfc by calculating the
intersection of the two stage lines.
(2) Determine the Msc by measuring the value of the moist shale isotherm corresponding to RH = 0.97.
(3) Determine the parameters (VL1, PL1 VL2, PL2 ) of the Bi-Langmuir
model of Eq. (7) with α = β = 1, by ﬁtting the methane adsorption
isotherm of the dry shale.
(4) Calculateα and β at diﬀerent moisture contents. When Mc is less
than Mfc, α = Mc / Mfc′, and β = 0 with α = 1 and β = 0 for Mc in the
range from Mfc to Msc. When is Mc larger than Msc, α = 1 and the
values of β can be determined with the assumption of cylindrical
pores, and written as:

adsorption capacity at diﬀerent moisture contents by considering the
methane adsorption capacity as a sum of individual sorption capacities
of both clay minerals and organic matter. In order to simplify the
mathematical analysis, we assume that both water and methane are
adsorbed on the inner surface of the shale pores of cylindrical geometry
[60–62]. The Bi-Langmuir model is based on the usual monolayer adsorption of methane and multi-layer adsorption of molecular water
[22,48]. The adsorption capacity of the moist shale can be represented
as a sum of adsorption isotherms of the clay minerals and organic
matter [11], as:

Wc = (1−α )

VL1 P
V P
+ (1−β ) L2
PL1 + P
PL2 + P

(7)

where VL1 and VL2 are the Langmuir volumes of clay minerals and organic matter, respectively (mL/g), PL1 and PL2 are the Langmuir pressures of clay minerals and organic matter, respectively (MPa), α is
water coverage coeﬃcient on the clay surface (dimensionless), and β is
a water ﬁlling coeﬃcient in the organic pores (dimensionless), with α
and β , both in the range 0–1.

j

∑
β=

n

∑

Vi / ri

(8)

i

where and Vm, i are the pore radius and total pore volume of the ith
kerogen pore ﬁlled with water ((nm) and (m3/g), respectively). j is the
total number of pores ﬁlled with water. n is the total number of pores in
kerogen, and ri and Vi are pore radius and total pore volume of the ith
pore in kerogen.

3.4.2. Methane adsorption capacity determination
In order to determine methane adsorption capacity at diﬀerent
moisture contents, each unknown parameter in Eq. (7) may be evaluated as follows:

60
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Fig. 7. A case verifying the Bi-Langmuir model with (a) Pore size distributions of kerogen in Lomgmaxi shale and (b) calculated and experimental methane
adsorption capacity vs. moisture content.
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and shale composition. Increases in both pressure and temperature
reduce the value of k. This phenomenon can be explained by the
potential energy distribution of the methane on the surface of the
clay minerals. An increase in organic matter decreases the value of
k, because moisture content has no eﬀect on adsorption capacity of
organic matter when Mc is less than Mfc.
(4) The Mfc of the two shale samples increases with an increase in
pressure and decrease in temperature, due to the changes of the
adsorption sites on the pore surface and the partial vapor pressure
in the void space. The Msc is little inﬂuenced by pressure and
temperature, and is 3% and 3.5% for samples #1 and #2, respectively. This approximately corresponds to the equilibrium moisture
content obtained from the moisture isotherm of shale at RH = 97%.
(5) A conceptual Bi-Langmuir model is successfully applied to predict
methane absorption capacity under diﬀerent moisture contents in
shale systems, which provides a basic approach for GIP evaluation
and prediction in shale gas reservoirs.

Since water condensation occurs from small pores to large pores, the
value of j can be determined from:
j

j

γ ∑ Vm, i = γ ∑
i

i

Am, i ri
M −Msc
= c
2
ρ H2 o

(9)
2

where Am, i is surface area of the ith kerogen pore, (m /g), and γ is a
constant to account for water condensation in other non-clay and nonkerogen pores – γ = 15.38 in this study.
Therefore, combining Eqs. (7), (8) and (9), the model to determine
methane adsorption content under diﬀerent water contents can be
given by:

M
V P
VL2 P
,
Wc = ⎜⎛1− c ⎞⎟ L1
+
M
P
P
P
+
fc
L
1
L
2 + P
⎝
⎠

Wc =

VL2 P
,
PL2 + P

0 ⩽ Mc < Mfc

Mfc ⩽ Mc ⩽ Msc

(10-1)
(10-2)

j

⎛
∑ Am,i ⎞⎟
⎜
VL2 P
,
Wc = ⎜1− i n
⎟
PL2 + P
⎜
Ai ⎟
∑
⎟
⎜
i
⎠
⎝
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3.4.3. Model veriﬁcation and applicability analysis
Note that the determination of methane capacity (when Mc ⩾ Msc )
is based on the pore size distribution within the kerogen. In this study,
we take a typical kerogen pore size distribution as an example to predict
methane adsorption capacity of moist shale, as shown in Fig. 7(a) [63].
The pore diameter ranges from 3.2 to 135 nm, with a major peak at
∼3.7 nm.
The experimental and calculated relationship between the methane
absorption and moisture content for Sample #1 at a pressure of 2 MPa
and temperature 35 °C are shown in Fig. 7(b) – identifying the congruence between calculated and experimental results. This indicates
that this analysis gives a reasonable description of mechanisms of the
eﬀect of moisture content on methane adsorption capacity of the shale.
However, the model presented in this study is only a lumped-parameter
model and the process of water distribution on the surface of inorganic
and organic pores is not discussed. Besides, methane sorbed as watermonolayers on the surface of the shale is neglected. However, overall,
this study reveals some basic mechanisms for the change in shale adsorption capacity with moisture content. This is of great importance for
GIP evaluation and prediction in shale gas reservoirs.
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